Abstract The North Brazil Current (NBC) constitutes a bottleneck for the mean northward return flow of the Atlantic Meridional Overturning Circulation (AMOC) in the tropical South Atlantic. Previous studies suggested a link between interannual to multidecadal NBC and AMOC transport variability and proposed to use NBC observations as an index for the AMOC. Here we use a set of hindcast, sensitivity, and perturbation experiments performed within a hierarchy of ocean general circulation models to show that decadal to multidecadal buoyancy-forced changes in the basin-scale AMOC transport indeed manifest themselves in the NBC. The relation is, however, masked by a strong interannual to decadal wind-driven gyre variability of the NBC. While questioning the NBC transport as a "direct" index for the AMOC, the results support its potential merit for an AMOC monitoring system, provided that the wind-driven circulation variability is properly accounted for.
Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is a key feature of Earth's climate [e.g., Lozier, 2012] . It is closely related to the oceanic meridional heat transport [Ferrari and Ferreira, 2011; Msadek et al., 2013] and sequestration of climate-relevant chemical compounds such as carbon dioxide [Pérez et al., 2013] . It fundamentally contributes to the regulation of regional and global climate by influencing surface air temperatures, precipitation, and sea level pattern [Knight et al., 2005; Zhang and Delworth, 2006; Lorbacher et al., 2010] . The prospect of a dwindling AMOC strength in the next decades as projected by climate studies [Intergovernmental Panel on Climate Change (IPCC), 2013] has motivated extensive efforts to investigate the variability of the AMOC, including several monitoring projects [Srokosz and Bryden, 2015] . The most prominent observing system is the RAPID-MOCHA trans-basin array deployed at 26.5°N since 2004 [Cunningham et al., 2007; McCarthy et al., 2015] . Studies building on its evolving transport record have greatly enhanced the knowledge of intraseasonal to interannual AMOC variability in the subtropical North Atlantic [Srokosz and Bryden, 2015] . They further stimulated the establishment, continuation, and expansion of transport arrays at other latitudes in the Atlantic, e.g., MOVE at 16°N [Send et al., 2011] , SAMBA at 34.5°S [Meinen et al., 2013; Ansorge et al., 2014] , and OSNAP at 53°N (http://www.o-snap.org/). Given the resources needed to establish and maintain such extensive arrays, it is of interest to identify more easily accessible indices of AMOC trends and variability, which could supplement the basin-scale monitoring.
In the tropical Atlantic, the North Brazil Current (NBC) constitutes a bottleneck for the interhemispheric mean flow of the upper limb of the AMOC. The NBC originates off the Brazilian continental shelf, where the southern branch of the South Equatorial Current bifurcates [da Silveira et al., 1994] . It merges all upper and intermediate layer northward flow of the tropical South Atlantic, yielding observed mean transports exceeding 20 Sv (Sverdrup, 1 Sv = 10 6 m 3 /s) between 11°S and 5°S, with a subsurface current core at about 200 m depth [Stramma et al., 1995; Johns et al., 1998; Schott et al., 2005] . After crossing the equator, the NBC transport diminishes, because it seasonally retroflects into the zonal equatorial current system [Johns et al., 1998 ]. At the retroflection at 5°-8°N, anticyclonic eddies are shed, whose northwestward migration contributes to a mean tropical to subtropical cross-gyre transport and represents a major part of the upper limb of the AMOC in this regime [Barnier et al., 2001; Johns et al., 2003; Jochumsen et al., 2010] . A comprehensive collection of NBC measurements in the western tropical South Atlantic is provided by Schott et al. [2005] , including results of repeated shipboard sections at 5°S and 11°S and of a moored array deployed near 11°S between 2000 and 2004. In July 2013, the moored array has been redeployed and is anticipated to be maintained [Hummels et al., 2015] . [Knight et al., 2005] and the Labrador Sea deep convection [Curry et al., 1998 ].
Open questions concern the mechanisms responsible for NBC variability on interannual to multidecadal time scales. As a western boundary current, the NBC is not only part of the basin-scale AMOC but also of the wind-driven equatorial gyre circulation and contributes to the shallow overturning of subtropical-tropical cells. Thus, NBC variability can arise from remote impacts on the AMOC, e.g., changes in subarctic deep water formation [Yeager and Danabasoglu, 2014] , or in Agulhas leakage [Biastoch et al., 2008a; Rühs et al., 2013] , as well as from wind-driven variability in the tropical-subtropical ocean circulation [Hüttl and Böning, 2006] . Despite a growing understanding of the principal forcing mechanisms and ongoing observational measurement campaigns, the origin of NBC transport variability on interannual and longer time scales has not been fully explained.
In this study, we use a set of model experiments performed within a hierarchy of ocean general circulation models (OGCMs) to explore the respective role of the basin-scale buoyancy-forced AMOC variability versus more local wind-driven circulation changes on the NBC transport variability. [Madec, 2008] , and developed within the DRAKKAR framework [The DRAKKAR Group, 2014] .
A hindcast performed with ORCA025 [Barnier et al., 2006] 
serves as a reference experiment (denoted REF).
ORCA025 uses a tripolar grid, with a nominal horizontal resolution of 1/4°, and 46 vertical levels with increasing grid spacing from 6 m near the surface to 250 m at depth. Interannually varying air-sea fluxes were used to force the model, using the methodology and atmospheric forcing products from 1948 to 2007 of the Coordinated Ocean-ice Reference Experiments (CORE, version 2) [Large and Yeager, 2008; Griffies et al., 2009] . Air-sea freshwater fluxes were complemented by climatological monthly river runoff. Turbulent air-sea fluxes were calculated during the model integration through bulk formulae. The model was spun up from rest for 30 years ; to account for possible spin-up transients in the velocity fields, only results after 1960 are considered in the analysis.
To assess the robustness of the results, additional hindcast configurations were utilized, which follow the same model set up and forcing as REF, but vary in their horizontal resolutions from 1/2°to 1/20°. They differ in their representations, e.g., of the details of the current field in the western tropical Atlantic and in remote regions potentially important for the mean state and variability of the AMOC. The configurations are the following: (1) ORCA05, a global non-eddying configuration with nominal 1/2°grid spacing ; (2) INALT01, a global 1/2°configuration refined in the South Atlantic and western Indian Ocean via two-way nesting [Debreu and Blayo, 2008] , including a higher resolution in the NBC, as well as an improved representation of the extended Agulhas region ; and (3) VIKING20, a global 1/4°c onfiguration with 1/20°refinement in the North Atlantic (30°-85°N), included here because it shows an improved representation of the subarctic deep water formation and corresponding mean AMOC patterns [Behrens, 2013] and thus contributes to assessing the robustness of the results.
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To further explore the mechanisms of variability and to distinguish wind-driven from buoyancy-driven variability on interannual to longer time scales, we included results of two sensitivity experiments, referred to as WIND and BUOY, respectively . These were performed with the REF configuration but with modified forcing. We followed the approach by Biastoch et al. [2008b] , by combining wind stress from repeated year wind forcing with interannually varying heat and freshwater forcing for BUOY, and interannually varying wind stress forcing with repeated year heat and freshwater forcing for WIND.
A final pair of experiments was devised to assess the manifestation of multidecadal AMOC trends in the NBC. Building on the REF experiment, two cases with gradually decreasing (MOCÀ) and increasing (MOC+) AMOC strength were generated by artificially increasing and decreasing the prescribed precipitation in the subarctic Atlantic, respectively (cf. Behrens et al. [2013] for the sensitivity of the AMOC to small perturbations in the subarctic freshwater fluxes). Further information about the ocean models and experiments can be found at the GEOMAR homepage (http://www.geomar.de/en/research/fb1/fb1-tm/ocean-models) and in Tables S1 and S2.
Calculation of NBC Transport and AMOC Strength Time Series
As recently shown, despite latitudinal differences in the mean NBC transport, its interannual variability is mainly coherent between 11°S and 5°S [Hummels et al., 2015] . Here we focus on the NBC transport variability and its relation to the AMOC at 6°S, since this is the latitude already referred to by Zhang et al. [2011] , and there exist historical and new observational estimates of the NBC transport [Schott et al., 2005; Hummels et al., 2015] . In agreement with former studies [Schott et al., 2005; Rabe et al., 2008; Zhang et al., 2011] , we define the NBC transport by the integrated positive meridional velocities between the coast and 33.5°W, and 0-1200 m depth (Figure 1a ). Only the near-coast northward transport of the NBC is considered, because it is the most practical definition (easy to measure), and well correlated with more complex estimates including farther offshore recirculation cells [Hummels et al., 2015] . Also, we repeated parts of the analysis for a NBC definition including its first recirculation, with no essential changes in the results (Text S1 and Figures S1 and S2) . 
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The strength of the AMOC is defined at each latitude as the maximum of the meridional overturning stream function below 500 m depth; in the tropical to subtropical Atlantic, the maximum is located around 1000 m depth.
For the comparisons of the hindcast and sensitivity experiments, NBC and AMOC transport time series were detrended, since AMOC simulations are prone to include nonnegligible spurious drifts (Table S1 and Text S2), which are rather to be attributed to the model configuration than to the forcing .
To assess the mechanisms of variability, we follow previous studies [e.g., Biastoch et al., 2008b; Yeager and Danabasoglu, 2014] and distinguish decadal variability (119 month low-pass filtered) from interannual variability (23 month low-pass filtered). The effect of long-term trends is separately investigated by the use of the perturbation experiments MOC+ and MOCÀ. (Table S2) .
However, in accordance with previous studies [Barnier et al., 2001] , mean transports are found to be sensitive to the model configuration. The suite of hindcast simulations yield mean NBC transports ranging from 21.5 to 27.8 Sv (Table S1 ). Despite these differences in the mean transport, Figure 1c illustrates that the magnitude (1.9 ≤ σ ≤ 2.0 Sv, Table S1 ) and evolution of NBC transport anomalies on interannual and longer time scales are strikingly similar in all simulations. They show a relatively strong NBC transport in the 1960s, followed by a weak period between 1970 and 1985, and a strengthened NBC in the 1990s. These simulated decadal changes are also overall consistent in magnitude and phase with the NBC transport changes reconstructed from observations by Zhang et al. [2011] , suggesting that the simulations can provide a meaningful basis to investigate the mechanisms of NBC variability (for a detailed comparison, see Hummels et al.
[2015]). 
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A first aspect pertinent to the nature of the interannual to decadal NBC variability is the robustness of the signal. The small model-model differences-including the 1/10°configuration with well-resolved mesoscale processes (INALT01)-suggest a primarily deterministic character of the transport variability, with an only minor impact of intrinsic (stochastic) variability. Figure 1d further reveals that most interannual to decadal NBC variability inherent in the hindcasts is also captured by the WIND sensitivity experiment. In contrast, there is less similarity between the hindcasts and BUOY. This is also reflected in the standard deviations of the interannual NBC anomalies (σ REF = 1.9, σ WIND = 1.8, and σ BUOY = 0.6 Sv).
The finding of a major contribution of wind-driven circulation variability to the interannual to decadal NBC transport changes during the last five decades appears to be in some contrast to former interpretations of the decadal NBC signal as the manifestation of basin-scale AMOC changes, associated with buoyancy-forced variations in the formation of Labrador Sea Water [Zhang et al., 2011] . In the next section, we show that AMOC and NBC indeed varied in phase. Yet we further discuss why the in-phase relation cannot necessarily be interpreted as a direct imprint of the basin-scale buoyancy-driven AMOC variability on the NBC. Table S1 ), mainly associated with model-model differences in the representation of water mass characteristics and transformation processes in the subpolar North Atlantic [cf. Danabasoglu et al., 2014] . Despite these strong differences in the mean AMOC, its variability is again similar among all hindcast experiments. The monthly mean transport time series exhibit a pronounced variability, with a dominant seasonal cycle and standard deviations between 2.3 and 2.8 Sv at 26°N, which roughly compares to the 3.5 Sv in the RAPID record. This high-frequency variability is strongest in the tropics, where it partially masks the lower frequency variability ( Figure S3 ). Yet low-pass filtering yields a robust signal on interannual to decadal time scales, with only little model-model differences.
Concerning the interannual AMOC variability at 6°S, the hindcast simulations ( Figure 2c) show a good agreement with the time series obtained from WIND (Figure 2d) , indicating a substantial impact of winddriven circulation changes also on the AMOC variability. The interannual variability is superimposed onto a weaker decadal signal, which, as for the NBC, is characterized by a relatively strong transport in the 1960s, followed by a weak phase between 1970 and 1985, and a generally strengthened AMOC in the 1990s. A similar signature of decadal AMOC changes is present in the whole Atlantic basin, whereas the year-to-year variability is less meridionally coherent and often hemispherically or even locally confined (Figures 2b and S4) . Thus, as already pointed out by Johnson and Marshall [2004] , the year-to-year variability of the AMOC is strongly dependent on the regional forcing and cannot necessarily be associated with basin-scale changes in the strength of the overturning.
In the following, we focus on decadal AMOC variability at 6°S (Figure 2e ): On this time scale, the AMOC variability can be regarded as a superposition of decadal wind-driven circulation changes and buoyancy-driven variability. Consistent with the analysis of forcing contributions provided by Yeager and Danabasoglu [2014] , the wind-driven contribution to the AMOC variability is not negligible at this latitude. Interestingly, the buoyancydriven and the wind-driven components vary approximately in phase over the simulation period and equally contribute to the weakening of the AMOC observed in the first decades, whereas the more recent increase seems to be dominated by buoyancy-driven changes.
As already noted, the simulated AMOC transport shows a similar decadal evolution as the NBC. Yet a direct comparison of the decadal variability in the NBC and AMOC time series at 6°S (Figure 3a) illustrates that the decadal NBC variability is approximately twice as large in magnitude. When only considering the buoyancy-driven part of the decadal AMOC and NBC variability (Figure 3b ), a good agreement in phase and amplitude can be detected. This is in line with former studies, which showed that remote changes in the AMOC, e.g., caused by buoyancy-driven changes in the Labrador Sea deep convection, evoke a
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corresponding but attenuated AMOC signal in the tropics, concentrated at the western boundary [Zhang, 2010; Hüttl and Böning, 2006] . However, the wind-driven components of the decadal AMOC and NBC variability (Figure 3c) show less agreement. In particular, the magnitude of the wind-driven NBC variability (σ = 1.1 Sv) is larger than that of the wind-driven AMOC variability (σ = 0.4 Sv). This can only be explained by the manifestation of horizontal gyre circulation changes in the NBC, which do not impact the strength of the overturning.
In summary, the results of the hindcast and sensitivity experiments suggest that the low-frequency changes in NBC transport during the last decades do not directly reflect decadal variability of the basin-scale AMOC. The NBC variability captures the AMOC variability but has an additional even larger contribution from decadal wind-driven changes of the horizontal gyre circulation.
Manifestation of Possible Future Multidecadal AMOC Trends in the NBC
Finally, we examine the suitability of sustained NBC transport measurements for monitoring possible future trends in the AMOC, e.g., a gradual weakening of the basin-scale AMOC due to anthropogenic warming or freshening of surface waters in the subarctic Atlantic [IPCC, 2013] . A way to study the imprint of such AMOC trends is provided by the two perturbation experiments MOC+ and MOCÀ. The forcing for the individual realizations is identical to the one used for REF, apart from the perturbation in the subarctic freshwater fluxes. Thus, the transport time series include the same remote and local forcing contributions characterizing the reference case, including the strong wind-driven variability. The effect of the remotely induced AMOC trends is isolated by subtracting the transport time series of one perturbation experiment from the other. Figure 4a shows the temporal evolution of the AMOC strength for both experiments, Figure 4b the respective evolution of the NBC transport at 6°S. The interannual to decadal variability as discussed above is still reflected in the time series and again more pronounced in the NBC than in the AMOC. However, the dominant new features are positive and negative multidecadal trends in the AMOC strength in MOC+ and MOCÀ, respectively, with corresponding trends in the NBC time series (Table S1 ). Note that the AMOC trends represent basin-scale changes-they are inherent in the South Atlantic at 6°S as well as in the subtropical Atlantic at 26°N (Figure 4a ).
The evolution of the difference in the AMOC and NBC transports between the two perturbation experiments (Figure 4c) shows a striking correspondence: The NBC at 6°S nearly perfectly traces the evolution of the AMOC. Figures 4d and 4e further show that the changes in the NBC are meridionally coherent : The mean (2000 : The mean ( -2007 transport density of MOC+ is increased compared to MOCÀ over the whole latitudinal extent of the NBC. We conclude that multidecadal trends in the basin-scale AMOC manifest themselves in the NBC. 
Conclusions
Our analysis shows that (1) NBC transport estimates from different model configurations yield a robust interannual to decadal variability for the past decades, indicating a rather deterministic character of NBC transport variability; (2) the NBC variability of the past decades has been mainly wind-driven; the basin-scale decadal variability of the AMOC is captured in the NBC but has been dominated by a strong wind-driven gyre variability on interannual to decadal time scales; and (3) possible future multidecadal AMOC trends manifest themselves in the NBC and could be derived from its transport time series if interannual to decadal wind-driven gyre changes are properly accounted for.
In contrast to former studies [e.g., Zhang et al., 2011] , the skill of the NBC transport as a direct index for the basin-scale AMOC strength appears to be limited. Surprisingly, during the last decades, the basin-scale AMOC and wind-driven gyre circulation varied approximately in phase. Thus, the good correspondence of the observed and simulated NBC transport changes with the conceived [Zhang et al., 2011] and simulated (this study) decadal changes of the basin-scale AMOC mainly reflects an in-phase variation of the different forcing components. The question that remains is whether this represents a mere coincidence of the last decades or constitutes a more general feature of the atmospheric forcing patterns of the Atlantic Ocean. As long as the in-phase relation between the different forcing components cannot be sufficiently explained and, in particular, is not been shown to be stable in time, NBC transport measurements on their own cannot be used to reliably infer decadal basin-scale AMOC changes.
However, our results also suggest that the NBC transport corrected for its wind-driven gyre component could possibly serve as an index for basin-scale AMOC variability on decadal to multidecadal time scales. At least for the last decades, removing an estimate of the wind-driven component given by the Sverdrup relation from the NBC variability already leads to an improved correspondence between NBC and AMOC transport anomalies (not shown). The correspondence could possibly be further enhanced by considering a more comprehensive model of the wind-driven circulation. For an explicit formulation of such an index, which would only require boundary current measurements and a record of near-surface wind stress, further work is required. 
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With these considerations, we conclude that boundary current arrays in the western tropical South Atlantic, such as the mooring array investigated in Hummels et al. [2015] , could serve as a cost-effective complement to long-term trans-basin arrays at higher latitudes.
